Inferring the evolution of characters in Isoëtes has been problematic, as these plants are morphologically conservative and yet highly variable and homoplasious within that conserved base morphology. However, molecular phylogenies have given us a valuable tool to test hypothesis of character evolution within the genus. One such hypothesis is that extant Isoëtes have undergone a morphological reduction from larger arborescent lycophyte ancestors. In this work we examine the reduction in lobe numbers on the underground trunk, or corm, over evolutionary time. Using reversible-jump MCMC and Bayesian inference, our results support the hypothesis of a directional reduction in lobe number in Isoëtes, with the best-supported model of character evolution being one of irreversible reduction. Furthermore, the most probable ancestral corm lobe number of extant Isoëtes is three, and a reduction to two lobes has occurred at least six times. From our results, we can infer that corm lobation, like many other traits in Isoëtes, shows a degree of homoplasy, yet also shows ongoing evolutionary reduction.
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INTRODUCTION
Interpreting the morphological evolution of Isoëtes L. has troubled botanists for many years. These plants have a outwardly simple, highly conserved body plan, consisting of an apical rosette of linear sporophylls on top of a reduced corm-like trunk (Engelmann, 1882; Pfeiffer, 1922; Cox and Hickey, 1984; Hickey, 1986; Taylor and Hickey, 1992; Budke et al., 2005) , yet are highly variable both within (Budke et al., 2005; Liu et al., 2006) and among closely related species (Cox and Hickey, 1984; Hickey, 1986; Taylor and Hickey, 1992; Romero and Real, 2005; Bagella et al., 2011) . Even characters once thought to be useful in delimiting natural groups within the genus, such as habitat (Engelmann, 1882) or megaspore morphology (Pfeiffer, 1922) , have been found to be labile (Cox and Hickey, 1984; Taylor and Hickey, 1992; Budke et al., 2005; Hickey, 2007; Bagella et al., 2011) . And while some characters such as the glossopodium (the portion of the ligule internal to the leaf) have shown some potential (Sharma and Singh, 1984; Pant et al., 2000; Shaw and Hickey, 2005; Singh et al., 2010; Freund, 2016) , actually examining and interpreting these structures requires considerable histological and computational effort, making them ill-suited for field identification. This absence of consistent, dependable characters creates a paradox: the lack of reliable traits impedes the inference of phylogenies or classifications in the genus, but without a phylogeny, examining character evolution is exceptionally difficult.
However, molecular phylogenetics has helped to vastly improve our understanding of Isoëtes (Hoot et al., 2004; 2006; Schuettpelz and Hoot, 2006; Larsén and Rydin, 2016) , and has provided evidence for five major clades of Isoëtes: the Gondwanan Clade (Clade A), Laurasian Clade (Clade B), Italian Clade (Clade C), Austro-Asian clade (Clade D), and the New World or American Clade (Clade E; Hoot et al., 2006; Larsén and Rydin, 2016) . This phylogeny has completely overturned the old morphological and ecological systems of classification, and has also provided a framework to begin earnestly studying character evolution in the genus. While characters such as spore ornamentation are highly homoplastic (Cox and Hickey, 1984; Larsén and Rydin, 2016) , there are other changes that may be informative, such as serial reduction of the corm (Karrfalt and Eggert, 1977a; Pigg, 1992; Grauvogel-Stamm and Lugardon, 2001) .
The corm of Isoëtes is quite different from the identically named structure of spermatophytes. In addition to possessing independently evolved secondary growth (Scott and Hill, 1900; Stokey, 1909; Pfeiffer, 1922; Stewart, 1947; Karrfalt and Eggert, 1977b) , it has a unique capacity to penetrate into the substrate by laterally displacing the soil and pulling itself deeper through a combination of said secondary growth and development of new rootlets (Karrfalt, 1977) . The corm of modern Isoëtes and the stigmarian appendages of extinct arborescent lycophytes are quite similar (Stewart, 1947; Karrfalt and Eggert, 1977a; , to the point that they have been hypothesized to be homologous structures (Karrfalt and Eggert, 1977a; Jennings et al., 1983; Pigg, 1992) .
Some fossils, such as Protostigmaria Jennings (Jennings et al., 1983) or Nathorstiana Richter (Taylor et al., 2011) , have corm morphology comparable to that of modern Isoëtes, with only the size, elaboration, or arborescent habit of the plants separating them (Stewart, 1947; Karrfalt, 1984a; Pigg, 1992) . Due to this similarity, it has been hypothesized that the morphology of modern Isoëtes is the result of reduction of the once arborescent isoëtalian body plan, and modern bilobate Isoëtes represent reduction from an ancestral trilobate corm (Stewart, 1947; Karrfalt and Eggert, 1977a; Jennings et al., 1983; Pigg, 1992) .
These corm lobes are formed by the basal, root-producing meristems (Engelmann, 1882; Stokey, 1909; Osborn, 1922; Pfeiffer, 1922; Bhambie, 1963; Karrfalt and Eggert, 1977b; Budke et al., 2005) ; extant plants have either a trilobate and bilobate base morphology. In trilobate species, there are three basal furrows, which run down the lateral face of the corm and join together at the distal end (figure 1a-c). The presence of these basal furrows divide the corm into three sections where secondary growth ultimately results in the formation of the triple corm lobes (Stokey, 1909; Osborn, 1922; Bhambie, 1963; Freund, pers. obs.) . In contrast, the bilobate species have only a single furrow, which runs in a line across the base of the corm, dividing it into two halves ( figure 1 d-f ). While the plants do occasionally acquire additional lobes as they age, the base morphology-the minimum number of lobes the plants have before any elaboration-is consistent (Karrfalt and Eggert, 1977a; . Also, there are other, rarer morphologies, such as the rhizomatous, mat-forming I. tegetiformans Rury (Rury, 1978) and the monolobate I. andicola (Amstutz) L.D. Gómez (Amstutz, 1957) . However, both I. andicola and I. tegetiformans begin life with a bilobate morphology before secondarily acquiring these alternate states (Rury, 1978; Karrfalt, 1984b; Tryon et al., 1994) ; their base morphology is bilobate.
In this study, we explore the evolution of corm lobation across the most recent Isoëtes phylogeny (Larsén and Rydin, 2016) . If Isoëtes has undergone an evolutionary reduction in corm lobation as Karrfelt and Eggart (1977b) hypothesized, we expect the ancestral state for extant Isoëtes to be trilobate, and the rate of transition from tri-to bilobate to be higher than the rate of bi-to trilobate. To test this hypothesis, we used reversible-jump Markov chain Monte Carlo (Green, 1995) to explore multiple nonstationary statistical models of morphological evolution (Klopfstein et al., 2015) and to assess whether there is evidence for directional or even irreversible evolution in corm lobation morphology. Finally, we used simulations to examine our power to detect irreversible evolution on datasets of this size.
METHODS

Corm lobation characterization
Corm lobe numbers were collected from observations of fresh material, herbarium specimens, and the literature. We characterized lobation from fresh plants for eight . Each individual was cleaned of any encrusting soil, then examined to determine the number of basal furrows and to assess the symmetry of the corm lobes. Plants of different ages were observed for each species when possible to get a sense of variability in lobation pattern as the plants aged, as well as to identify any unusual morphological outliers such as plants with asymmetric lobation or non-linear basal furrows that may have occurred due to either advanced age or damage to the corm. The I. nuttallii sampled included two sporelings, which showed distinctly triangular arrangement of their rootlets. Taxa where the plants have a single contiguous furrow and two symmetrical lobes were scored as "bilobate", while species with three linear furrows with symmetrical lobation around the base of the corm were scored as "trilobate" (Fig. 1 ).
For lobation numbers garnered from the literature, species with a definitive single reported corm lobation value were assigned that number, while species with a range of reported corm lobe numbers were scored as undefined due to the possibility that the description is of a taxon with a range of corm morphologies, such as I. tuckermanii A. Br. (Karrfalt and Eggert, 1977a; Croft, 1980) , or due to the inclusion of multiple cryptic species within a single taxon (Table 1) .
Additionally, three accessions were coded as unknown for lobation due to identification uncertainties: 1) One accession of I. savatieri Franchet was collected in Uruguay, outside of the currently accepted range of the species (Hickey et al., 2003) , and we were unable to examine the specimen to determine its identity or lobation. 2) I. histrix Bory & Durieu is a known species complex (Bagella et al., 2011; 2015) and specimens fall in two different areas of our phylogeny. One is sister to I. setacea Lam., a position that is consistent with morphology and with existing hypotheses of their relationship (Hoot et al., 2006; Bagella et al., 2011; Troia and Greuter, 2014) ; we treated this accession as correctly identified. The second accession falls phylogenetically distant from the first, and presumably is misidentified; we were unable to ascertain its true identity or morphology, so coded it as unknown. 3) I. australis R.O. Williams also shows up in two places in the phylogeny: Clade A and Clade D. The Clade A plant was collected and identified by Dr. Carl Taylor, an authority on Isoëtes, so we treated this accession as correctly identified and coded the clade D plant as unknown. All character states and literature sources can be found in Table 1 .
Phylogenetic modeling
Ancestral character state reconstructions were performed on a posterior sample of 15000 trees from Larsén and Rydin (2016) that we rooted on the bipartition between Clade A and the remainder of the genus (following Larsén and Rydin 2016).
We employed reversible-jump MCMC (Green, 1995) in RevBayes (Höhna et al., 2016) to explore the space of all five possible continuous-time Markov models of phenotypic character evolution and to infer ancestral states. The reversible-jump MCMC sampled from the five models in proportion to their posterior probability. This approach enabled model fit comparisons through Bayes factors (Kass and Raftery, 1995) , and provided the opportunity to account for model uncertainty by making model-averaged ancestral state and parameter estimates (Madigan and Raftery, 1994; Kass and Raftery, 1995; Huelsenbeck et al., 2004; Freyman and Hoehna, 2017) . The five models of corm lobation evolution considered were: a model with the rate of lobation gain and loss set to be equal (the 1-rate model); a model where the rates of lobation gain and loss are independent and non-zero (the 2-rate model); two irreversible models where the rate of either lobation gain or loss was fixed to zero; and lastly a model where both rates were fixed to zero. To test for directional evolution we used nonstationary models of character evolution with root state frequencies that differed from the stationary frequencies of the process (Klopfstein et al., 2015) .
Each of the five models was assigned an equal prior probability using a uniform set partitioning prior. The root state frequencies were estimated using a flat Dirichlet prior. The rates of corm lobation gain and loss were drawn from an exponential distribution with a mean of 1 expected character state transitions over the tree (λ=τ/1where τ is the length of tree).
The MCMC was run for 22000 iterations, where each iteration consisted of 48 MCMC proposals. The 48 proposals were scheduled randomly from six different Metropolis-Hastings moves that updated the sampled tree, root frequencies, and corm lobation gain and loss rate parameters. The first 2000 iterations were discarded as burnin, and samples were logged every 10 iterations. Convergence of the MCMC was confirmed by ensuring that the effective sample size of all parameters was over 600. The results were summarized and plotted using the RevGadgets R package (https://github.com/revbayes/RevGadgets). The scripts that specify our model, run the analysis, and summarize results are available in the code repository at https://github.com/wf8/isoetes.
Simulations
To test how many observed characters are necessary to reliably infer irreversible evolution on a phylogeny the size of ours, we simulated 10 datasets with each of 1, 5, 10, 50, or 100 characters per tip (for a total of 50 simulations; note, our empirical dataset has a single character per tip). Each dataset was simulated under an irreversible model with the mean rate of corm lobation loss set to the value estimated by the irreversible model using the observed corm lobation data (2.39 changes per unit branch length). We performed the simulations using RevBayes over the maximum a posteriori phylogeny from the same tree distribution used to infer the ancestral states. For each of the 50 simulated datasets an MCMC analysis was run for 11000 iterations, with the first 1000 iterations dropped as burnin. The model used was identical to that used for the observed corm lobation dataset, except that for the simulated datasets we fixed the maximum a posteriori phylogeny instead of integrating over the posterior distribution of trees.
RESULTS
Model fit comparisons
The maximum a posteriori model of corm lobation evolution was the tri-to biirreversible model (which did not allow transitions from the bilobate to the trilobate state) with a posterior probability of 0.38 (Table 2 ). This tri-to bi-irreversible model was weakly supported over the 1-rate and 2-rate reversible models (Bayes factor = 1.26 and 1.21, respectively; Kass and Raftery, 1995); however, all three models were strongly supported over the bi-to tri-irreversible model. Since the Bayes factor support for bestsupported model over the next two was negligible, we focus mostly on the modelaveraged parameter estimates and ancestral states.
Model averaged parameter estimates and ancestral states
The model-averaged estimated rate of transition from tri-to bilobate forms was significantly non-zero (mean = 2.17 changes per unit branch length, 95% HPD interval: 0.015-5.69), whereas the rate of bi-to trilobate transitions was not significantly non-zero (mean = 0.82, 95% HPD interval: 0.0-3.35; Fig. 2) . The model-averaged maximum a posteriori ancestral state of Isoëtes was trilobate with a posterior probability of 1.0 (Fig.  3) . The ancestral state of the New World clade (Fig. 3 , "Clade E-2") was bilobate with a posterior probability of 0.99. The bilobate morphology arose independently in six places over the phylogeny (Fig. 3) . No reversals from bilobate to trilobate were inferred. All species with unknown base corm lobation characters (I. stevensii J.R. Croft, I. habbemensis Alston, and I. hallasanensis H. K. Choi, Ch. Kim & J. Jung) were derived from a trilobate most recent common ancestor, with a posterior probability near 1.0.
Simulations
For simulated datasets with a single character the true irreversible model was at best weakly supported over the other models; the mean posterior probability of the true irreversible model was 0.37 (range = 0.22-0.44). As the number of characters increased, the posterior probability of the true model increased (Fig. 4) . With 100 characters the support for the true model was strong; the mean posterior probability was 0.85 (range = 0.80-0.92).
DISCUSSION
Our analyses support the hypothesis of directional reduction in lobe number over time in Isoëtes, with the best-supported model being one of irreversible evolutionary reduction. Additionally, even when incorporating model and phylogenetic uncertainty and allowing for reversals, the model-averaged estimate of the transition rate from tri-to bilobate was much higher than the estimate of the transition rate from bi-to trilobate (the latter rate was not significantly non-zero). Furthermore, we found strong support for the ancestral state for all extant Isoëtes being trilobate, indicating that there have been multiple convergent reductions of the corms to bilobate. These bilobate forms are nested deeply within clades of trilobate plants. These results support the hypothesis that crown Isoëtes has continued a reduction in corm morphology from the larger arborescent lycophytes. Additionally, while the bilobate form has emerged multiple times throughout the phylogeny, it is the dominant morphology in only one major clade: the "American clade" (Clade E-2, sensu Larsén and Rydin 2016; Fig. 3 ). In this clade, nearly all species have a bilobate morphology.
The simulations demonstrate that the relatively weak support for the irreversible reductionary model over the reversible models is likely due to the inherent limitation in statistical power of a single observed morphological character over a phylogeny of this size. Repeating this analysis with a larger, more densely sampled phylogeny, or one that incorporates fossil data, might find stronger support for the irreversible model of corm morphology evolution. Nevertheless, it is in cases like this where no single model is decisively supported over others that reversible-jump MCMC and Bayesian modelaveraging demonstrate their utility for testing phylogenetic hypotheses of character evolution (Huelsenbeck et al., 2004; Freyman and Hoehna, 2017) .
While the bilobate morphology dominates only Clade E-2, it does occur in several other areas of the phylogeny (Fig. 2, Table 1 ). In areas where Clade E-2 co-occurs with others, such as South America, and the west coast of the United States, corm lobation is in determining which clade a plant belongs to. However, outside the range of Clade E-2, other bilobate taxa occur as single species nested within larger trilobate clades. As such, using corm lobation outside the Americas to assign plants with unknown phylogenetic placement is not advisable, since they may represent other independent evolutions of the character state.
When assessing corm lobation numbers, it is important to determine if the corm lobe numbers are the base lobe numbers, or additional lobes that have developed as the plant ages (Stokey, 1909; Karrfalt and Eggert, 1977a; Freund, pers obs.) . While Karrfalt and Eggert (1977b) reported a propensity for gaining additional lobes in their study of I. tuckermanii (68% bilobate, 30% trilobate, 2% tetralobate), other observers, working on other taxa, have not found this degree of variability (Engelmann, 1882;  Freund pers. obs. of over 200 specimens of I. howellii and 400 specimens of I. nuttallii). In fact, we have observed fewer than ten total I. howellii and I. nuttallii specimens that were not either bilobate or trilobate, respectively (Freund, pers obs) . The degree of variability in I. tuckermanii and the stability of I. howellii and I. nuttallii show that when describing corm lobation numbers, sampling multiple individuals to assess the degree of variability within a given species, and to determine the base number of lobes, is critical. If at all possible, it is worthwhile to look at very young plants, especially sporelings, to determine the base lobe number.
CONCLUSIONS
Our results support the hypothesis that crown Isoëtes have continued an evolutionary reduction in corm morphology from the larger arborescent lycophytes, with the best-supported model being one of irreversible evolutionary reduction. However, results from our simulation study showed that a dataset of this size only has weak statistical power to support irreversible models of character evolution, emphasizing the need for broader sampling of both extant and fossil taxa. When we accounted for the uncertainty in character evolution models by making model-averaged estimates, we found strong support for the hypothesis of directional evolutionary reduction in corm number, with the rate of lobe loss estimated to be much higher than the rate of lobe gain. Furthermore, we found strong support that the ancestral state for all extant Isoëtes was trilobate, indicating that there have been multiple convergent reductions of the corms to bilobate. Table 1 for specific placement of taxa into sub-subclades. . The x-axis shows the number of simulated characters (sites or columns in the data matrix). Ten replicates were simulated for 1, 5, 10, 50, and 100 character datasets, resulting in a total of 50 simulated datasets.
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